Abstract: During the tire cornering braking process, busses easily cause traffic accidents such as slewed or tail flick if the tire is not locked. Therefore, in the process of cornering braking, the theoretical controlled slip rate of approximately 0.2 is not sufficient. To improve the stability of the vehicle, the Hardware-in-the-Loop Test is introduced. The fuzzy PID algorithm is used to calculate the tire slip rate of four tires using the actual yaw velocity and sideslip angle values and the expected difference among the values. The high-speed vehicle was tested on high-and low-adhesion roads. The study shows that this method outputs the new slip rate, improves the vehicle stability in the loss of braking efficiency, further perfects the study of the antilock braking system and has practical significance.
INTRODUCTION
Recently, there have been several ABS studies on vehicle cornering braking conditions but notably few on the stability. However, the vehicle braking stability is the most significant index when the vehicle is moving [1] . The vehicle braking stability is used to limit the scope of the sideslip angle of the wheels and control the yawing moment to avoid losing control of the vehicle when the vehicle brakes or turns at a high speed. In addition, the stability makes the vehicle return to its original track through active intervention while emergent.
There are two methods to study the vehicle stability: pure simulation and vehicle experiment [2, 3] . Cornering braking is a complicated process, which cannot be fully analyzed by the pure simulation method. Moreover, accidents may occur in a real-vehicle road experiment because of the road condition, controlling method and other factors. The hardware-in-the-loop method to study the ABS can avoid some defects of the pure simulation, e.g., low precision, lack of intuition and high risk. This joint simulation combines software and real vehicles to greatly improve the experiment authenticity [4, 5] .
Normally, in the condition of low-speed turning, limiting the slip rate to 0.2 may satisfy the demand of vehicle stability controlling standard. However, when the vehicle is at high speed, a more effective method to adjust the vehicle slip rate using the yaw velocity and sideslip angle as the controlling index to correct the slip angle is necessary [6] .
EXPERIMENTAL 2.1 Hardware-in-the-Loop Test Structure and Operating Principle
In the hardware-in-the-loop test, the actuator control and control algorithm should simultaneously work to ensure good real-time performance of the test. Comparing with other real-time development platforms, the xPC Target is more economically efficient and open [7] . The entire system includes an air brake system, the host machine and the target machine. The host machine uses MATLAB Simulink to write the vehicle dynamic model and the ABS controlling model and simulate; the target machine handles the code that the host machine produces. The two machines are connected by TCP/IP. Fig. 1 shows the Hardware-in-the-loop simulation test system schematic. The working principle of the system is shown in Fig.  2 . After braking, the total valve (7) outputs air pressure after motor 20 is on; then, gas in the air reservoir (4, 5, and 6) is quickly transported to the relay valve (8, 13, and 15) and enters the brake chamber, where the air pressure increases and produces a braking force output. After receiving the signal, the force sensor (10, 12, 17, 19, and 22) begins the A/D transformation through a data collector in the target machine. In the xPC target environment, the signal is transferred to the model in the target machine, and the vehicle dynamic model begins to calculate. Through the I/O part of the data-collecting card, the ABS controlling model provides a signal to the ABS regulator (23, 24, 25, and 26) according to the real-time calculation result. In the test, a high-speed solenoid valve drive chip uses TLE6228 and has two high-speed solenoid valves: intake valve and exhaust valve. The drive chip increases, maintains or decreases the pressure according to the open or close condition of the valves to prevent the wheels from locking, as shown in Fig. 3. 
Construction of the Vehicle Model in the Dynamic Model
To obtain the lateral velocity, slip rate, roll angle, yaw velocity and sideslip angle, the vehicle dynamic model was built. As a complex rigid body, the vehicle is reasonably simplified by the dynamic model to become more accessible to the actual cornering braking condition. In Fig.  3 , this model is a combination of the driving model, tire model, vehicle model and auxiliary calculation model. The tire model uses the most classic model, which is the GIM model. An eight-degree-of-freedom vehicle model is a common analysis model. In the cornering braking process, because turning control should be added to the system based on the four running wheels, four wheels of an eight-degree-of-freedom vehicle model were built. In figure 4 , the eight degrees of freedom of the model are the longitudinal motion, lateral motion, yawing motion, rolling motion of the vehicle body and the running of four wheels. 
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Where F x is the tire longitudinal force (N) (the left front wheel is F x1 ; the right front wheel is F x2 ; the left rear wheel is F x3 ; the right rear wheel is F x4 ); F y is the tire lateral force (N) (the left front wheel is F y1 ; the right front wheel is F y2 ; the left rear wheel is F y3 ; the right rear wheel is F y4 ); M is the body weight (kg); u is the speed (km/h); v is the lateral velocity (km/h); M z is the body around the z-axis of the coordinate system (N·m); yawing moment I x is the suspension quality around the rotational inertia of the x-axis (kg/m 2 ); M s is the vehicle suspension mass (kg); h s is center of mass to the roll center distance (m); g is the acceleration of gravity (m/s 2 ); γ is the yawing angular velocity (rad/s); I z is the rotational inertia of the body around the z-axis of the coordinate system (kg/m 2 ); I w is the moment of inertia of the wheel (kg/m 2 ); w is the wheel rotating angular velocity (rad/s); F xb is the ground braking force (N); T b is the breaking force that acts on the wheel (N); δ is the wheel angle (rad), p is the speed of roll angle (rad/s); p  is the roll angle acceleration (rad/s 2 ); φ is the roll angle (rad); l f is the center of mass to the front axle distance (m); l r is the center of mass to the rear axle distance (m); k i (i=f, r) is the roll angle stiffness of the front axle and rear axle (N·m/rad); C i (i=f, r) is the roll angle damping of the front axle and rear axle (Ns/rad); T is the wheel tread (m). The concrete numerical parameters are shown in Tab. 1 Using formulas (1), (4) and (5) with the initial velocity, angle of the vehicle, braking torque and vehicle parameters, we can obtain the yawing angular velocity, centroid side-slip angle, roll angle, lateral acceleration, etc. Using formulas (3) and (4) with the side angle and tire force, we obtain the vehicle longitudinal and lateral force.
Analysis on the Stability of Cornering Braking 2.3.1 Stability Control of Cornering Braking
The speed, yaw velocity and sideslip angle, which reflect the running stability of the vehicle, are commonly nonlinear when the vehicle is attached to a road surface or a corner at high speed or brakes with large steering [8] . It is difficult for the driver to directly perceive the three variables and make the correct adjustment, which results in traffic accidents. Generally, the slip rate of 0.2 is used as the control target when the vehicle is in linear motion. However, during cornering braking, it is difficult to improve the stability of the vehicle simply by controlling the slip ratio. Therefore, this article suggests taking the sideslip angle and yaw velocity as the stability control parameters; decisions are made by comparing the differences between the target value and the ideal value, and feedback is given to the slip rate, which changes the yawing moment to improve the running stability of the vehicle.
The yaw velocity and sideslip angle are closely related to the vehicle stability. When the sideslip angle is small, the yaw velocity can reflect the cornering ability of the vehicle. With the increase in yaw velocity, the turn radius decreases and becomes more intense, which fully embodies the essential properties of the cornering movement. In this sense, the two variables must be controlled in the permitted range (expected value) [9] .
To obtain these two parameters, this article directly takes the front wheel as the subject; the effect of the steering system and suspension are ignored. The vehicle body only moves in parallel to the ground. Thus, a simple mathematical model with only the side angle and yaw is established to reflect the basic characteristics of the curvilinear movement of the vehicle, and the ideal yaw velocity and sideslip angle can be acquired using the simultaneous equation. See Fig. 5 . In this figure, δ is the steering angle (rad), α 1 is the front-wheel sideslip angle (rad), α 2 is the rear-wheel slip angle (rad), R is the turning radius (m), and L is the axle distance (m). The turning radius is controlled by the side-slip angle. Fig. 5 shows the sine theorem:
The component of the centroid acceleration in the y direction is:
v  is the lateral acceleration (m/s 2 ). The yaw velocity is: 
k 1 and k 2 denote the total cornering stiffness (N/rad) of the front and rear wheels, respectively, K is the stability factor, and the steady-state response of the vehicle can be determined by K, if α 1 − α 2 ≥ 0, K > 0, the vehicle has the characteristics of under steer or neutral steer; if α 1 − α 2 < 0, K < 0, the vehicle has the over-steer characteristics.
In the limit state and with the limit of the wheel adhesion coefficient, the maximum expected yaw velocity is:
where μ is the road adhesion coefficient.
Based on the above analysis, the revised expected yaw velocity is:
In sign(x), when x > 0， sign(x) = 1; when x = 0, sign(x) = 0; when x < 0, sign(x) = −1.
When the vehicle is attached to the road surface, the simple yaw velocity control cannot achieve the desired effect, and the sideslip angle is another control variable. Since the lateral force of the wheel is saturated to a certain extent and causes the vehicle to lose the lateral stability, it is important to limit the sideslip angle and ensure that the wheel lateral force does not reach the boundary saturation to avoid dangerous conditions. The boundary saturation is expressed as follows [10] :
β is the sideslip angle (rad); β  is the differential of the sideslip angle; B 1 and B 2 are the correlation coefficients. Through simulation analysis, B 1 = 0.32, and B 2 = 0.10, so the saturation region is:
Based on the above analysis, the deviations between the actual yaw velocity and sideslip angle and the expected values are calculated using formulas (14) and (15) 
γ 0 is the actual yaw velocity (rad/s).
A Control Module of the Threshold Value of the Slip Rate based on the Fuzzy-PID Control Algorithm
Because of the nonlinearity and time-varying problems in controlling the yaw velocity and sideslip angle, a fuzzy PID control algorithm is used to check and adjust the two controlled variables, so that the actual value matches the desired value. Fig. 6 shows the block diagram of the PID control algorithm of the threshold value adjustment of the slip rate. We establish the fuzzy controllers of the yaw velocity and sideslip angle, calculate their threshold values with the fuzzy PID control algorithm, and synthesize these data to obtain the ideal slip rate [11] 
RESULTS AND DISCUSSION
Under the condition of the step angle input for the front wheel, the vehicle began to turn at the 4 th second and reached the maximum angle of approximately 0.04 rad at the 5th second. Fig. 7 shows the cornering braking of the vehicle with the initial speed of 60 km/h on a road surface with high adhesion coefficient (the rolling adhesion coefficient is 0.84, and the slip adhesion coefficient is 0.75). The vehicle began to brake after 2.2 seconds and ended after 10.7 seconds with uniform speed changes. The slip rates of the left and right front wheels were controlled at approximately 0.6, and those of the left and right rear wheels were controlled at 0.2, which slightly decreased in the end. The lateral speed began to increase to 8 km/h and finally decreased to nearly 0 when the vehicle slowed, which indicates that the vehicle did not drift or side slip. The yaw velocity reached the peak of 0.5 rad/s after turning, which indicates that the yaw velocity was under control. The sideslip angle was also maintained at the stable corresponding value, and the final rapid increase was caused by the stop of the vehicle, when the ABS no longer worked. Since the yaw velocity and sideslip angle were under effective control, the increase of some braking force did not make the vehicle lose stability. Fig. 8 shows the cornering braking of the vehicle with the initial speed of 60 km/h on a road surface with low adhesion coefficient (the rolling adhesion coefficient is 0.3, and the slip adhesion coefficient is 0.22). The vehicle began to brake after approximately 2.5 seconds and ended after 23 seconds, i.e., the process lasted approximately 20.5 seconds. Compared to the road surface with a high adhesion coefficient, the braking time was longer for the road surface with low adhesion coefficient because the ground provided a smaller force, and the braking distance also increased. The lateral speed eventually decreased to almost zero after the sharp increase at the beginning. The slip rate of the front wheel was controlled at approximately 0.5, and that of the rear wheel was controlled at 0.3. The vibration was notably fast in this condition, which shows that the wheel did not lock. The maximum yaw velocity was approximately 0.1 rad/s, which is notably small. The braking moment frequently changed; the vehicle was stable and under control during the entire braking process.
CONCLUSIONS
The cornering stability of the vehicle was improved based on the traditional ABS control when the vehicle turned at high speed. By ignoring the theoretical value of 0.2, the expected value and actual value of the yaw velocity and sideslip angle were compared using the fuzzy PID algorithm to calculate the ideal threshold slip rate to control the yawing moment, and accidents such as spin and side slip can be avoided. In the future, in order to further improve the braking stability of system, consider decomposition brake force, using the corresponding yawing moment, makes the control of ABS and yawing moment more coordination.
